Abstract: Current durum wheat (Triticum turgidum L. subsp. durum (Desf.)) cultivars have little or no resistance to Fusarium head blight (FHB), a ravaging disease of cereal crops. A diploid wheatgrass, Lophopyrum elongatum (Host) Á . Löve (2n = 2x = 14, EE genome), is an excellent source of FHB resistance. Through an extensive intergeneric hybridization using durum cultivar Langdon, we have developed a disomic alien addition line, named DGE-1 (2n = 28 + 2), with a wheatgrass chromosome pair. We used a unique method for isolating the addition line taking advantage of unreduced gametes functioning in Langdon Â L. elongatum F1 hybrids in their first backcross to the Langdon parent, resulting in 35-chromosome plants from which we derived DGE-1. The addition line DGE-1 has a plant type similar to its Langdon parent, although it is shorter in height with narrower leaves and shorter spikes. It is meiotically and reproductively stable, generally forming 15 bivalents with two chiasmata each. The alien chromosome pair from the grass confers FHB resistance to the addition line, which has less than 21% infection on the visual scale, mean = 6.5%. Using various biochemical and molecular techniques (Giemsa C-banding, fluorescent genomic in situ hybridization (fl-GISH), chromosome-specific simple sequence repeat (SSR) markers, targeted region amplified polymorphism (TRAP) markers, and sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE)), we have shown that the extra chromosome involved is 1E of L. elongatum. This is the first time that FHB resistance has been discovered on chromosome 1E. We have established a chromosome-specific marker for 1E that may be used to screen fertile hybrid derivatives and durum addition lines for this chromosome that confers FHB resistance. Résumé : Les cultivars actuels de blé dur (Triticum turgidum L. subsp. durum (Desf.)) offrent peu ou pas de résistance à la fusariose de l'épi (FHB), une maladie dévastatrice chez les céréales. Un chiendent diploïde, Lophopyrum elongatum (Host) Á . Löve (2n = 2x = 14, génome EE), constitue une excellente source de résistance à la fusariose. Suite à un important travail d'hybridation intergénérique avec le blé durum Langdon, les auteurs ont développé une lignée d'addition disomique, DGE-1 (2n = 28 + 2), qui compte une paire de chromosomes du chiendent. Les auteurs ont employé une méthode inédite pour isoler la lignée d'addition en tirant profit de la production de gamètes non-réduits chez les hybrides F1 Langdon Â L. elongatum dès le premier rétrocroisement effectué avec Langdon. Il en a résulté des plantes à 35 chromosomes à partir desquelles la lignée DGE-1 a été obtenue. La lignée d'addition DGE-1 présente une morphologie semblable à Langdon, bien que plus courte, avec des feuilles plus étroites et des épis plus courts. La lignée affiche un comportement stable aux plans méiotique et reproductif avec la production de 15 bivalents chacun avec deux enjambements. La paire de chromosomes étrangers confère la résistance à la fusariose chez la lignée d'addition, laquelle présente une infection infé-rieure de 21 % sur l'échelle visuelle (moyenne = 6,5 %). À l'aide de diverses techniques biochimiques et moléculaires (coloration des bandes G, hybridation génomique in situ en fluorescence (fl-GISH), marqueurs SSR spécifiques de chromosomes, marqueurs TRAP (« targeted region amplified polymorphism ») et électrophorèse sur gel de polyacrylamide (SDS-PAGE)), les auteurs ont montré que le chromosome additionnel correspond au chromosome 1E du L. elongatum. Il s'agit de la première fois qu'une résistance à la fusariose située sur le chromosome 1E est décrite. Les auteurs ont déve-loppé un marqueur spécifique du chromosome 1E qui peut servir à cribler des hybrides fertiles dérivés et des lignées d'addition du blé dur pour ce chromosome qui confère la résistance à la fusariose.
Mots-clés : coloration des bandes C, étiquette de séquence exprimée (EST), fusariose de l'épi (FHB), hybridation géno-mique in situ en fluorescence (fl-GISH), Lophopyrum elongatum, gène d'appariement des homéologues (Ph1), microsatellite (SSR), marqueur TRAP (« targeted region amplified polymorphism »), Triticum turgidum.
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Introduction
Many wild grasses of the tribe Triticeae possess desirable traits that have been and are being incorporated into polyploid wheats: durum or macaroni wheat (Triticum turgidum L. subsp. durum (Desf.)) (2n = 4x = 28, AABB) and bread wheat (Triticum aestivum L.) (2n = 6x = 42, AABBDD). Diploid wheatgrass (Lophopyrum elongatum (Host) Á . Löve) (2n = 2x = 14, EE) is a reservoir of genes for resistance to Fusarium head blight (FHB) with only 3.8% infection (Jauhar and Peterson 1998) and tolerance to salinity (Colmer et al. 2006) , two of the more significant constraints that have impacted the production of the cultivated wheats. Intergeneric hybridization within the Triticeae is a potent strategy for alien gene introgression into both durum and bread wheat (see Ceoloni and Jauhar 2006; Jauhar 2006 Jauhar , 2007a Mujeeb-Kazi 2006; Qi et al. 2008) .
Durum wheat is an important cereal used for human consumption worldwide. It is used for making pasta, semolina, and chapattis (leavened bread). Current cultivars of durum wheat have very little or no resistance to the devastating disease FHB caused by the fungus Fusarium graminearum Schwabe. With a view to transferring FHB resistance from L. elongatum into durum cultivar Langdon, we produced several intergeneric hybrids. Subsequently, through backcrossing combined with selfing over the last 10 years, we have produced a disomic alien FHB-resistant addition line, DGE-1 (accession No. PI 645483), with a chromosome pair from the diploid wheatgrass (Jauhar and Peterson 2008) . The objective of this study was to characterize the alien chromosome and to find a chromosome-specific molecular marker for the alien chromosome that confers FHB resistance so that this marker could then be used to screen fertile hybrid derivatives and durum alien addition lines for this chromosome. To characterize the added alien chromosome, DGE-1 was investigated using various cytogenetic and molecular tools. Fluorescent genomic in situ hybridization (fl-GISH), chromosome-specific simple sequence repeat (SSR) markers, targeted region amplified polymorphism (TRAP) markers, sodium dodecyl sulfate -polyacrylamide gel electrophoresis (SDS-PAGE), and Giemsa C-banding led to the identification of the alien chromosome and are described. The breeding significance of this study is discussed.
Materials and methods
Plant materials
Diploid wheatgrass L. elongatum is an excellent source of resistance to FHB, showing only 3.75% Type-2 infection (Jauhar and Peterson 1998) . We used accession No. PI 531719 of this grass, which had the lowest infection of all the accessions screened in our durum wheat germplasm enhancement program. Durum cultivar Langdon is susceptible to FHB and we used it for producing intergeneric hybrids and addition lines with the grass chromatin. Langdon plants were grown in a greenhouse at 20-24 8C and a 16 h light -8 h dark cycle. Lophopyrum elongatum, a perennial grass, was vegetatively propagated and maintained in a greenhouse. Langdon seed was planted every week to ensure synchronization of flowering to effect hybridization with the alien donor.
Synthesis of hybrids, the backcross progeny, and fertile hybrid derivatives
Hybrids between durum wheat and L. elongatum were produced with Langdon as the female parent using the methods of emasculation and pollination described in Jauhar and Peterson (1996) and employing the embryo rescue techniques standardized earlier (Jauhar et al. 2004) . The F 1 hybrids were backcrossed to the recurrent Langdon parent and a hormonal treatment with a mixture of 5 mg/L 2,4-D, 75 mg/L gibberellic acid, and 0.01% Tween 20 was applied once 24 h after pollination. All subsequent crosses were made without any post-pollination hormone treatment to obtain fertile seeds. Prior to planting, seeds were given a cold treatment at 4 8C for 7-14 days. Each backcross was followed by one or two generations of selfing to allow chromosome eliminations or establishment of disomy for an alien 03FSC306  03FSC308  03FSC351  03FSC352  03FSC355  03FSC356  03FSC357  03FSC358  03FSC359  03FSC362  03FSC363  03FSC388  03FSC389 a Resistant control (Zhang et al. 2008). chromosome. Progeny from the selfed generations were screened for FHB resistance.
Conventional chromosome techniques
While producing fertile hybrid derivatives, including durum addition lines, somatic chromosome counts from root tips provided a reliable method of verifying the chromosomal status of the material produced, e.g., monosomic or disomic status of addition lines. Prior to planting, the root tips of F 1 hybrids, backcross progeny, or hybrid derivatives were collected from germinated seeds for chromosome counts. Somatic chromosomes were stained and studied according to Jauhar (2003a) . Freshly fixed root tips were also squashed in 45% acetic acid and viewed under phase contrast for quality of spread and then frozen at -80 8C until enough slides were prepared to conduct fl-GISH.
For meiotic study, spikes were fixed in Carnoy's fluid (six parts 95% ethanol to three parts chloroform to one part glacial acetic acid). Immature anthers were squashed in a drop of carbol fuchsin stain and chromosome pairing was scored (Jauhar 2003a) . When an anther showed appropriate stages, the remaining two anthers from the same floret were saved in the fixative and later squashed in 45% acetic acid for fl-GISH analysis.
fl-GISH analysis
fl-GISH analysis was conducted according to the procedure described earlier (Jauhar et al. 1999; Jauhar and Peterson 2006) to identity the alien chromosome(s) in durum hybrids, hybrid derivatives, and addition lines. For preparing genomic probes, genomic DNA extracted from L. elongatum using the CTAB method (Doyle and Doyle 1990 ) was sheared using a sonicator (40% maximum amplitude, pulsing 2 s on 2 s off for 5 min on ice) until 600-300 bp fragment lengths were obtained. The sheared genomic DNA was then labeled with either biotin-14-dATP or fluorescein-12-dUTP using nick-translation according to the manufacturer's instructions. Blocking DNA was prepared by autoclaving Langdon genomic DNA for 15 min at 121 8C. A hybridization mixture was prepared using 400 ng of labeled probe DNA (100 ng/slide) and 8000 ng of blocking DNA (2000 ng/slide, 20 times the amount of probe DNA). Both the probe and the blocker were combined and suspended in 20 mL of TE buffer, 50 mL of deionized formamide, 20 mL of 50% dextran sulfate, and 10 mL of 20Â SSC. Generally, four slides were hybridized overnight. Slides with biotin-labeled probe were detected using fluorescein avidin followed by counterstaining with propidium iodide. The slides with fluorescein-labeled probe were washed and counterstained with propidium iodide. After counterstaining with propidium iodide, antifade solution (Vectashield mounting media, Vector Laboratories, Inc.) was applied to each slide and covered with a glass cover slip and cells viewed with a Zeiss Axioplan 2 imaging microscope using UV filter sets appropriate for FITC and propidium iodide. Images were captured using a Spot II digital camera (Diagnostic Instruments, Inc., Sterling Heights, Michigan). Images taken with each filter set were then overlaid to create a single composite image.
Screening for FHB resistance
Screening for FHB resistance was initiated after fertility was established in the hybrid material. After stable disomic addition lines were isolated, they were tested for FHB resistance in the greenhouse using three isolates of F. graminearum (R010, R1267, and R1322) at a concentration of 100 000 spores/mL. Three spikes per plant were inoculated. Two adjoining florets in the middle of each spike were inoculated with 10 mL of inoculum per floret. The freshly inoculated plants were misted with an automatic misting system immediately after inoculation and then starting at 5 p.m. on the day of inoculation until 6 a.m. for 1 min every 2 h for 3 days to maintain high humidity (~87%-99%) overnight for optimal Fusarium infection. The greenhouse temperature was maintained at 20-22 8C. The spread of fungus was scored after 2 and 3 weeks following inoculation using the method described in Jauhar and Peterson (2001) . The degree of infection was based on a visual scale to estimate severity of FHB (Stack and McMullen 1994) . The mean FHB infection was calculated from individual observations on infection percentage in the inoculated plants.
Field screening was conducted in the North Dakota State University Scab Nursery at Prosper, North Dakota. The material tested in the field included the most promising disomic additions, a monosomic addition, and controls that consisted of durum cultivars and susceptible experimental lines (Table 1) . Planting of seed and application of inoculum were done by North Dakota State University staff. Inoculation was done using corn residue inoculated with Fusarium spores followed by mist irrigation. The addition lines and the controls were scored for the number of spikes infected (incidence) and the percentage of infection per spike (severity) (see Table 2 ). An average score was calculated for each line over four replicates.
ANOVA was conducted on the incidence and severity of FHB infection on each line and least significant difference used to test the significance of differences between lines using Statistical Analysis System version 9.2 (SAS Institute Inc. 2008). 
Chromosomal characterization of the Langdon disomic addition lines
Once we produced Langdon monosomic and disomic addition lines with FHB resistance, we applied several techniques to determine the identity of the alien chromosome involved.
TRAP markers
TRAP markers constitute a high-throughput marker system that is an excellent tool for genotyping germplasm. We used TRAP markers to investigate whether all of the addition lines had the same or different pair of alien chromosomes. TRAP marker analysis was conducted according to the protocol of Hu and Vick (2003) and its modification described by Li et al. (2006) . Briefly, genomic DNA of Langdon, L. elongatum, and Langdon -L. elongatum disomic addition lines was extracted from young leaf tissue of seedlings and adjusted to a concentration of 30-50 ng/mL for PCR amplification. TRAP used a single fixed primer in combination with two random primers independently labeled in each PCR. Four fixed primers, W09, W10, W15, and W33, which were previously developed from wheat EST accessions BE425566, BE638034, BE426356, and BE405692, respectively, were selected for this study based on the high polymorphisms and high quality of gel images that they produced in previous studies (Li et al. 2006; Chu et al. 2008) . Two arbitrary primers, T03 and T13, had sequences 5'-CGTAGCGCGTCAATTATG-3' and 5'-GCGCGATGA-TAAATTATC-3', respectively, and they were 5' end labeled with IR dye 700 and 800, respectively. PCR amplifications and electrophoresis of the PCR products were performed by following the procedure of Li et al. (2006) . The gel images of amplified fragments were captured with a LI-COR global DNA genotyper (LI-COR Biosciences, Lincoln, Nebraska).
Chromosome-specific SSR markers
Genomic DNA was extracted from Langdon, L. elongatum, alien monosomic additions, and alien disomic additions using the CTAB method mentioned above. Several SSR primers were selected based on previous results reported in the literature and the GrainGenes database. Five SSR markers (Xgwm282, Xgwm333, Xgwm344, Xgwm471, and Xgwm573 associated with chromosome 7E) used by Shen et al. (2004) and Shen and Ohm (2006) and six SSR markers (Xedm16 associated with chromosome 7E, Xedm46 associated with chromosome 5E, Xedm74 associated with chromosome 1E, Xedm80 associated with chromosome 6E, Xedm105 associated with chromosome 7E, and Xedm149 associated with chromosome 6E) from Mullan et al. (2005) were selected, since these markers were already associated with a specific L. elongatum chromosome.
A 50 mL PCR was initially prepared as follows: 10Â PCR buffer 1.5 mmol/L MgCl 2 (pH 8.3) (5 mL), forward primer 50 pmol (1 mL), reverse primer 50 pmol (1 mL), dNTP mix 2.5 mmol/L (4 mL), PCR water (34.6 mL), Taq DNA polymerase 2 units (0.4 mL), and 800 ng genomic DNA in TE buffer (pH 7.4) (4 mL of 200 ng/mL genomic DNA). A MJ Dyad thermocycler was used to carry out the reaction using a touchdown program: 94 8C for 2 min to denature followed by 94 8C for 30 s, 65 8C for 40 s (this step was decreased 0.3 8C each cycle), and 72 8C for 1 min; this was cycled 35 times. The final extension step of 72 8C was run for 7 min, and after this step, the reaction was held at 4 8C until 5 mL of tracking dye was added and samples loaded onto gels. This process was later reduced to a 25 mL total reaction size and primer concentrations reduced to 25 pmol per reaction. Fifteen microlitres of the PCR product was then loaded onto 1% agarose horizontal gels and Roche molecular weight markers IV, VI, and VIII were used to determine fragment size. However, owing to the fragment size of some of the primers and image resolution, we changed to 8% acrylamide vertical gels and also reduced to 10 mL the amount of sample that we loaded. Gels from both were stained with ethidium bromide and images captured with a Kodak EDAS 290 gel imaging system.
Giemsa C-banding
For C-banding of somatic chromosomes, the seed of the Langdon -L. elongatum disomic addition line DGE-1 was germinated in a Petri dish at room temperature (22-25 8C). One to 2 cm long root tips were cut and pretreated in ice water for 18 h and then fixed in acetic alcohol (3:1 solution of 95% ethanol and glacial acetic acid) for 48 h. The root tips were squashed in 45% acetic acid. The slides with good spreads determined by phase contrast were used for chromosome C-banding following the procedures described by Gill et al. (1991) 
SDS-PAGE analysis
The high molecular weight (HMW) and low molecular weight (LMW) glutenin subunits in the Langdon -L. elongatum disomic addition lines were analyzed using SDS-PAGE according to the procedure described by Singh et al. (1991) using a Hoefer SE600 vertical gel apparatus (GE Healthcare, Piscataway, New Jersey). Briefly, single kernels were crushed and flour extracted in 50% propanol to remove the gliadins. After discarding the propanol supernatant, HMW and LMW glutenin subunits were extracted with reducing sample buffer containing 1% dithiothreitol followed by incubation in buffer containing 1.4% 4-vinylpyridine. An aliquot of supernatant was then placed in a sample buffer composed of 0.08 mol/L Tris-HCl, (pH 8.0), 40% glycerol, 2% SDS, and 0.02% bromophenol blue tracking dye. An 8 mL aliquot was loaded on each lane of 0.75 mm gels composed of a 12% acrylamide separating gel. Gels were electrophoresced at 4.0 mA/gel for approximately 18 h. After electrophoresis, the gels were stained with Coomassie Brilliant Blue R-250. The gel images were captured using the Kodak Logic 200 system and were analyzed using Kodak 1D Image Analysis Software version 3.6.1 (Eastman Kodak Company, Rochester, New York).
Results
In our wheat germplasm enhancement program, we have used diploid wheatgrass L. elongatum (Fig. 1a) as a source of scab resistance for durum wheat. Through extensive hybridization of durum cultivar Langdon with the wheatgrass (Fig. 1b) , a stable, fertile disomic addition with a pair of the grass chromosomes (2n = 28 + 2) was produced. Detailed studies on various aspects of the addition line DGE-1 are described.
Production and pedigree of the alien disomic addition line DGE-1 DGE-1 was derived through a series of sequential steps (Fig. 2 ) starting with the F 1 hybrid. The F 1 hybrid (Fig. 1b,  center) of Langdon (Fig. 1b, left) with L. elongatum (Fig. 1b, right) was phenotypically intermediate between the parental species, although the awns of the maternal parent were strongly suppressed (Fig. 1b, center) . Because of homoeologous pairing suppression by the Pairing homoeologous (Ph1) gene, the hybrid (2n = 3x = 21, ABE) showed very little pairing between the durum and alien chromosomes (Fig. 3a) . It was backcrossed with the durum parent, and as a result of functioning of unreduced gametes (ABE) in the hybrid, pentaploid BC 1 progeny (2n = 5x = 35, AABBE) was produced with the full chromosome complement of durum plus all seven chromosomes of the alien parent (Fig. 3b) . The fluorescing yellow-green chromosomes of L. elongatum are clearly observed after fl-GISH. These BC 1 plants were highly fertile and generated an abundance of seed. Further crosses or backcrosses with these plants required no additional assistance, i.e., hormone treatment or embryo rescues.
Each generation of backcrossing eliminated a random number of alien chromosomes present in the BC 1 . After a series of backcrosses and selfings in the last 10 years (Fig. 2) , we synthesized alien monosomic addition lines with a single grass chromosome added to the durum complement (2n = 28 + 1 = 29) (Fig. 3c) . The alien monosome remained unpaired at meiotic metaphase I (Fig. 3d) . The 14 bivalents of durum and a univalent of the grass parent are clearly noted in Fig. 3d . Several such monosomic addition lines were produced of which seven showing improved FHB resistance were studied in detail. The monosomic additions showed on average 12% resistance (Fig. 4) and were advanced further.
For cytological stabilization, when such a desirable monosomic addition line was selfed, the alien chromosome was either lost or again recovered as a monosome. After cytological analyses of 475 plants derived by single-seed descent from the original monosomic or subsequent monosomic additions, we recovered a disomic addition. Even after a disomic addition was recovered, it was found to be unstable, and the subsequent selfed generations segregated into disomic addition, monosomic addition, or a disomic durum when the alien chromosome was completely lost. The loss of chromosome was evident from the presence of micronuclei at the tetrad stage of meiosis. After two generations of selection of the disomic addition, stability of disomy for the alien chromosome was obtained. Thus, several disomic additions with 30 chromosomes (2n = 28 + 2) were derived (Fig. 5) . The disomic addition 03FSC358 after a generation of seed increase was registered as DGE-1. The pedigree of DGE-
The (Langdon Â L. elongatum) F 1 hybrid (2n = 3x = 21, ABE genomes) was backcrossed with the recurrent Langdon parent, then selfed for one generation, and backcrossed again before selfing for several cycles (see Fig. 2 for details). DGE-1 has 30 somatic chromosomes (Fig. 5a) , 28 of the durum parent plus 2 of the alien parent (Fig. 5c) . 
Morphological characteristics of Langdon disomic addition lines
Various morphological characters, i.e., plant height and morphology, tillering, and heading time of DGE-1, were measured under greenhouse conditions (temperature 21 8C ± 3, 16 h : 8 h light regime, and ambient humidity). DGE-1 has a plant type somewhat similar to the Langdon parent, although the plant height is 76.5 cm as compared with 102.0 cm for Langdon. It has a narrow leaf, small spikes with awns shorter than the Langdon parent (Fig. 1b) , light green to yellow green color, and normal tillering and is 1-2 weeks later in maturity than Langdon. Under greenhouse conditions, DGE-1 has 70%-75% fertility and its seed size (100-kernel weight = 2.5 g) is smaller than that of Langdon (100-kernel weight = 3.2 g). However, the disomic addition has shown 100% seed germination.
Cytological and reproductive stability
The disomic addition line has 30 somatic chromosomes (Fig. 5a ) that form 15 bivalents (Fig. 5b) , 14 of durum and 1 of L. elongatum (Fig. 5d) , mostly with two chiasmata each at meiotic metaphase I (Figs. 5b and 5d ). Figure 5d clearly shows the added alien chromosome pair as a bivalent. Homoeologous pairing among the parental chromosomes is suppressed by the Ph1 gene, making the addition line meiotically regular and hence stable. However, in about 5% of the cases, 29-chromosome or even 28-chromosome progeny may be obtained. Such revertants are distinct from the parental disomic addition line in that they are taller than the latter and more like Langdon in height, color, and other characteristics. This phenotypic change in the revertants is to be expected because of the loss of one dose of the alien chromosome in 29-chromosome plants or both doses of the chromosome in 28-chromosome plants.
FHB resistance
At various stages of the hybridization program, we screened the fertile material for FHB resistance. In resistant plants, the fungal infection is restricted to the central inoculated spikelets and does not spread up or down in the spike (Figs. 4a and 4b ). Based on individual observations on infection percentage in various spikes of the inoculated plants, the mean FHB infection was calculated.
Under greenhouse conditions, the disomic addition lines showed overall less than 21% infection compared with a mean infection of 80% (range 70%-100%) in the Langdon parent. We screened 10 plants (three spikes each) for four generations ensuring the stabilization of chromosome number at the disomic addition level (2n = 28 + 2). The infection range was 7.0%-12.5% (mean = 9.3%) in the first generation and 3.7%-14.3% (mean = 6.5%) in subsequent generations. Clearly, the alien chromosome has genes for FHB resistance.
Screening under field conditions revealed results similar to those of the greenhouse screenings, which reinforced the impact of the alien addition on resistance (Table 2; Fig. 6 ). The results on incidence and severity of FHB infection in disomic additions and controls are shown in Table 2 . Incidence of infection shows that the inoculation procedure was adequate to test the severity of infection. Most of the disomic additions were better than the controls for incidence of infection. However, disomic addition 03FSC389 showed the extra chromosome was also verified to be 1E from Lophopyrum elongatum. 02FSC47-3 is a monosomic addition with 29 chromosomes that gave rise to the disomic additions. DGE-1 was derived from a single plant 03FSC358 that showed 9% FHB infection, although the average of the replicates was 12%. Bars represent the standard deviation for each line across four replicates.
high incidence of FHB presumably because it had lost the chromosome responsible for FHB resistance. This is borne out by the fact that this disomic also showed high severity of infection (Table 2) . Similarly, disomic additions 03FSC300, 03FSC355, 03FSC363, and 03FSC388 showed medium to high incidence of infection. However, 03FSC300 and 03FSC363 showed low severity of infection. Therefore, it can be assumed that 03FSC388, like 03FSC389, also lost the critical chromosome.
ANOVA demonstrates that the majority of the disomic addition lines performed better than the control lines, showing that they retained the chromosome that confers FHB resistance. It appears that Langdon showed a moderate incidence and severity of infection and was thus better than the other controls. The monosomic addition 02FSC47-3 performed well and was in the upper group for both incidence and severity of infection. It was therefore used to derive disomic additions, including 03FSC358, which shows significantly higher resistance than the controls ( Table 2 ). The experimental line ND2710, used as the resistant control in our experiment (Table 1) , performed the best among the controls. However, the disomic addition line 03FSC358 outperformed ND2710. The addition line 03FSC358 after seed increase was registered as DGE-1. Seed of the field-tested lines was replanted in the greenhouse to verify the disomic status of the plants.
Characterization of the alien chromosome in the disomic addition
After we isolated the FHB-resistant alien addition lines, we adopted several methods to determine the identity of the added chromosome.
TRAP markers
We used eight TRAP primer pairs (W09-T03, W09-T13, W10-T03, W10-T13, W15-T03, W15-T13, W33-T03, and Most of the polymorphic bands amplified from L. elongatum were not present in the addition lines. Among 41 polymorphic bands amplified by W09-T03 from L. elongatum, only two, approximately 313 and 572 bp, appeared in all addition lines. Similarly, only 1 (~320 bp) out of 36 polymorphic bands amplified by W09-T13 from L. elongatum appeared in the addition lines (Fig. 7) that had FHB resistance. TRAP marker analysis verified that all of the addition lines possess the same alien chromosome pair because they all showed the three polymorphic bands amplified from L. elongatum.
SDS-PAGE analysis
The HMW and LMW glutenin subunits are controlled, respectively, by orthologous gene sets located on the long and short arms of the group 1 chromosomes. To determine if the added alien chromosome is chromosome 1E, the HMW and LMW glutenin subunits of the addition line and its parents were analyzed using SDS-PAGE. The results showed that Langdon and L. elongatum have different banding profiles (Fig. 8) . As reported by Xu et al. (2005) , Langdon had HMW glutenin subunits 1 Bx 6 + 1 By 8 (6 + 8) encoded by Glu-B1d and LMW-1 glutenin subunits encoded by GluA3k and Glu-B3s (Fig. 8) . Lophopyrum elongatum has seven bands, which all had different motilities from those in Langdon. The first band from the top in L. elongatum was identified as a HMW glutenin subunit and the fourth and fifth bands were identified as LMW glutenin subunits based on the motilities. Except for the third band from the top, six of the bands in L. elongatum appeared in the Langdon -L. elongatum disomic addition line DGE-1 (Fig. 8) , suggesting that the alien chromosome pair is chromosome 1E.
Chromosome-specific markers
PCR using L. elongatum chromosome-specific marker Xedm74 (X EST derived microsatellite) (Mullan et al. 2005) has shown the alien chromosome in our DGE-1 to be 1E of L. elongatum (Fig. 9) . Lophopyrum elongatum and the BC 1 with seven L. elongatum chromosomes exhibited all of the bands expected for the markers used.
Giemsa C-banding
Giemsa C-banding patterns can help identify individual chromosomes in plant groups. We observed diagnostic Cbands on the alien chromosome in the addition line (Fig. 10 ) and compared them with those in the C-banded karyotype of L. elongatum (Fig. 11) . Based on their characteristic banding pattern, the 30 somatic chromosomes could be tentatively arranged into their respective genome and group. The chromosomes of the B genome are characteristically heterochromatic. A pair of the DGE-1 chromosomes that matched a L. elongatum chromosome was observed.
Discussion
The diploid wheatgrass L. elongatum (2n = 2x = 14, EE) is an excellent source of resistance to FHB (Jauhar and Peterson 1996) and tolerance to salinity (Colmer et al. 2006) but falls in the tertiary gene pool of wheat. This grass has been used as a source of desirable genes for wheat improvement. Since 1987, we in the Durum Germplasm Enhancement (DGE) Project have hybridized L. elongatum with cultivated wheats (Jauhar 1992a (Jauhar , 1992b Jauhar and Peterson 1996 , 2000a , 2000b . Although the wheatgrass can be crossed with polyploid wheats, and we carried out an extensive hybridization program, lack of substantial homoeologous chromosome pairing between the wheat and grass chromosomes poses a problem from the standpoint of alien gene introgression. Therefore, we adopted different strategies for transferring FHB resistance to durum wheat, one of them being the production of durum disomic alien addi- tion lines. Durum cultivar Langdon was used for chromosome engineering of its genome with chromatin from FHBresistant L. elongatum. In the course of this genomic reconstruction, we isolated some disomic alien addition lines with FHB resistance, the addition line 03FSC358 being one of the more promising ones. The experimental line ND2710, used as the resistant control in our field experiment, has been shown to have substantial FHB resistance (Zhang et al. 2008) . However, our disomic addition line 03FSC358 outperformed ND2710 in the field trial. This addition line after seed increase was registered as DGE-1 (Jauhar and Peterson 2008) .
Alien addition lines have been developed in several crops and have served to introgress valuable traits into the recipient species, map genes on introgressed chromosomes, and isolate individual chromosomes and genes of interest (Islam 1983; Ananiev et al. 1997; Rubiales et al. 1999; Islam and Shepherd 2000; Okagaki et al. 2001; Cho et al. 2006; Mica et al. 2006 ). The addition of alien chromosomes has been known to serve as a bridge for the transfer of useful genetic material and hence a desired trait (Knott et al. 1977; Dosba et al. 1978; Doussinault et al. 1983; Fedak 1999; Khan 2000) . Amphidiploids and partial amphidiploids have been used for synthesis of alien addition lines of crop plants (Cauderon et al. 1973; Bluethner et al. 1988; Friebe et al. 1992a Friebe et al. , 1992b Larkin et al. 1995) . The synthesis of DGE-1 involved an elaborate procedure, the sequential steps of which are outlined in Fig. 2 . In wide hybrids, of the type we produced as the foundation material, formation of unreduced gametes plays an important role in sexual polyploidization (see Jauhar 2003b Jauhar , 2007b . We took advantage of unreduced gametes that functioned in Langdon Â L. elongatum F 1 hybrids in their first backcross to the Langdon parent. The resultant BC 1 had 2n = 35 chromosomes, which comprised the full complement of durum (i.e., the 28 chromosomes paired as 14 bivalents) plus 7 univalents of the grass parent, as revealed by fl-GISH (Fig. 3b) . Thus, in one step, we captured all of the L. elongatum chromosomes, one or more of which would have the genes for FHB resistance.
With a view to eliminate the undesired alien chromosomes acquired in the BC 1 , we resorted to a judicious combination of backcrossing and selfing in such a way that we could retain the desired alien chromosome(s). Each generation of backcrossing eliminated a random number of alien chromosome(s) present in the BC 1 . Therefore, we made cytological analysis an integral part of the selection procedure. When used in conjunction with screening for FHB resistance, it became clear that specific grass chromosomes had an obvious impact on FHB resistance. Backcrossing and selfing in the subsequent generations continued until a single chromosome (monosome) of L. elongatum was retained and FHB resistance exhibited by this single addition was superior to that in the Langdon parent. After producing the desired monosomic addition lines, we isolated stable disomic additions through selfing.
Like numerous other addition lines in wheat (Rubiales and Martín 2001; Jiang et al. 2004) , DGE-1 is meiotically regular and hence reproductively stable. It forms 15 bivalents, 14 of durum and 1 of L. elongatum, mostly with two chiasmata per bivalent at meiotic metaphase I. Such a highquality pairing is ensured by the presence of Ph1 in the long arm of chromosome 5B (Riley and Chapman 1958) . There is no pairing among the durum and wheatgrass chromosomes because the Ph1 gene suppresses homoeologous pairing. Such a precise pairing confers meiotic stability and hence reproductive fertility to DGE-1.
Once we had appropriate disomic addition lines that had FHB resistance under both greenhouse and field conditions, it was important to know this chromosome that conferred resistance. Therefore, we adopted molecular and biochemical techniques along with Giemsa banding to determine the identity of the critical chromosome. TRAP provides PCRbased markers to target sequence-related gene families and is useful in tagging genes for desirable traits (Hu and Vick 2003) . One of the 36 polymorphic bands amplified by W09-T13 and two of the 41 polymorphic bands amplified by W09-T03 from L. elongatum appeared in the addition lines Fig. 9 . The SSR marker Xedm74 was determined to be specific to chromosome 1E of Lophopyrum elongatum. This enables easy tracking of chromosome 1E while advancing to later generations. Note the presence of a single band (~400 bp) common to L. elongatum and the FHBresistant disomic addition lines.
that had FHB resistance. These results indicated that all of the addition lines carried the same chromosome from L. elongatum. This was expected because all addition lines showed a similar level of FHB resistance. It further appeared that the alien chromosome involved has genes for resistance.
Molecular techniques involving in situ hybridization and molecular markers like RFLPs have facilitated the identification of alien chromatin fragments introgressed into wheat (Fedak 1999) . Our studies using EST-derived SSRs helped characterize the chromosome involved in the disomic addition line showing FHB resistance. PCR using L. elongatum chromosome-specific marker Xedm74 (Mullan et al. 2005) showed that the added chromosome in our DGE-1 is 1E of L. elongatum. Thus, L. elongatum and the BC 1 with seven L. elongatum chromosomes exhibited all of the bands expected for the markers used. Moreover, we had a marker that still generated a band in the monosomic material that was FHB resistant.
When we associated the resistance scores of specific plants with the gels of selected markers, we observed that plants with higher resistance also exhibited the Xedm74 band. According to Mullan et al. (2005) , this marker is located in the long arm of chromosome 1E. We confirmed this marker to be specific to 1E and present in all FHB-resistant monosomic and disomic additions. We employed this marker extensively to screen populations of monosomic additions to determine whether they lost or maintained the Fig. 10 . Giemsa C-banded somatic chromosomes of Langdon disomic addition line. The 30 chromosomes at somatic metaphase are arranged, based on their banding pattern, into their respective genome and group. The chromosomes of the B genome are highly heterochromatic. Note a pair of chromosomes that match the chromosome in the karyotype in Fig. 11 , which was later confirmed by molecular and biochemical techniques to be chromosome 1E.
added chromosome while we were trying to obtain a disomic addition line. Once a disomic was obtained, this marker helped to track the presence of the alien chromosome in subsequent generations. Only plants that exhibited the characteristic band were further studied with regard to chromosome number.
Because SDS-PAGE provides a method to separate proteins according to their size, this method could be used to determine whether the alien chromosomes in the Langdon -L. elongatum disomic addition lines involved group 1 chromosomes in wheat and related species. Our SDS-PAGE analysis revealed that both the HMW and LMW glutenin subunits of L. elongatum are present in Langdon -L. elongatum disomic addition lines. Since the HMW and LMW glutenin subunits are controlled by the loci Glu-E1 (Lawrence and Shepherd 1981) and Glu-E3 (Gupta and Shepherd 1990 ) located on the long arm and short arm of L. elongatum chromosome 1E, respectively, the extra pair of chromosomes in the addition lines was inferred to be chromosome 1E from L. elongatum.
Giemsa C-banding helps to characterize the pattern of distribution of constitutive heterochromatin along the length of chromosomes. Characteristic C-bands obtained on different chromosomes can be employed to identify individual chromosomes in various plant groups or genetic stocks (Friebe and Gill 1994; Friebe et al. 1996) . Islam (1980) routinely used N-banding to identify individual barley chromosomes in wheat-barley addition lines. The comparison of the diagnostic C-bands on the alien chromosome in the DGE-1 with the known C-banded karyotype of L. elongatum revealed a pair of the DGE-1 chromosomes that matched a L. elongatum chromosome. Thus, the alien chromosome has been confirmed to be chromosome 1E by molecular and biochemical techniques. The diagnostic C-banding pattern of chromosome 1E is therefore established for the first time through this study. This further testifies to the reliability of Giemsa banding as a diagnostic tool in chromosome identification.
The meiotic regularity and reproductive stability of DGE-1 show that the alien chromosome does not confer any serious disadvantage to the addition line in terms of meiotic stability and fertility. Several such addition lines have been reported in wheat (Kishii et al. 2004 ) and other cereals such as oat (Sharma 1978; Kynast et al. 2001) . All of the evidence obtained from various techniques, viz. TRAP markers, chromosome-specific molecular markers, SDS-PAGE, and Giemsa C-banding, has revealed that chromosome 1E of L. elongatum is involved in our FHB-resistant Langdon disomic alien addition line. Furthermore, we have established a chromosome-specific marker for the alien chromosome and the marker may now be used to screen fertile hybrid derivatives and durum alien addition lines for the chromosome 1E that confers FHB resistance.
Although useful in basic research, this alien addition line is of no direct use to the farmers or breeders because if it crossed with normal disomic durum, the added alien chromosome in the derived hybrid would be in single dose forming a univalent and likely to be lost. It would be desirable to transfer desired segments from alien chromosome 1E into the durum genome. Such a genomic reconstruction would necessitate pairing between 1E and perhaps 1A or 1B of durum. To promote such homoeologous pairing, the disabling of the 5B system would be necessary. We are going to adopt this strategy. However, an alternative would be to cause a radiation-induced translocation between 1E and 1A (or 1B) and effect the desired chromosome engineering as described by Sears (1972 Sears ( , 1993 . DGE-1 is the first alien addition line of its kind and should provide useful material for further basic research on FHB, a devastating disease of cereal crops. QTLs for FHB resistance in common wheat and wild emmer (Triticum turgidum subsp. dicoccoides (Korn. ex Asch. & Graebn.) Thell.) have been mapped on 3BS (Anderson et al. 2001; Buerstmayr et al. 2002; Zhou et al. 2002 Zhou et al. , 2004 , 3BSc , 5AS (Buerstmayr et al. 2002) , 6BS (Anderson et al. 2001; Yang et al. 2003) , 4B and 2DL McCartney et al. 2004) , and 3AS (Otto et al. 2002; Chen et al. 2007 ). An FHB resistance gene has been reported on chromosome 7E of L. elongatum (Shen and Ohm 2006) . However, no FHB resistance gene has been discovered so far on chromosome 1E of L. elongatum. Thus, the FHB resistance controlled by chromosome 1E reported here represents a novel source of resistance.
